Abstract-Electromechanical wave imaging (EWI) has recently been introduced as a noninvasive, ultrasound-based imaging modality, which could map the electrical activation of the heart in various echocardiographic planes in mice, dogs, and humans in vivo. By acquiring radio-frequency (RF) frames at very high frame rates (390-520 Hz), the onset of small, localized, transient deformations resulting from the electrical activation of the heart, i.e., generating the electromechanical wave (EMW), can be mapped. The correlation between the EMW and the electrical activation speed and pacing scheme has previously been reported. In this study, we pursue the development of EWI using both displacements and strains and analysis of the EMW properties in dogs in vivo for early detection of ischemia. EWI was performed in normal and ischemic open-chest dogs during sinus rhythm. Ischemia of increasing severity was obtained by gradually obstructing the left-anterior descending (LAD) coronary artery flow. We also introduce the novel method of motion-matching that achieves the reconstruction of the full EWI ciné-loop at very high frame rates even when the ECG may be irregular or unavailable. Incremental displacements were previously used by our group to map the EMW. This paper focuses on the associated incremental strains, which facilitate the interpretation of the EMW by relating it directly to contraction. Moreover, we define the onset of the EMW as the time, at which the incremental strains change sign after the onset of the QRS complex of the ECG. Based on this definition, isochronal representations of the EMW were generated using a semi-automated method. The isochronal representation of the EMW during sinus rhythm was reproducible and shown similar to electrical activation maps previously reported in the literature. After segmentation using a contour-tracking method, the twoand four-chamber views were imaged and displayed in bi-plane views, allowing a 3-D interpretation of the EMW. EWI was shown to be sensitive to the presence of intermediate ischemia. EWI localized the ischemic region when the LAD flow was obstructed at 60% and beyond and was capable of mapping the increase of the ischemic region size as the LAD occlusion level increased. In conclusion, the activation maps and wave patterns obtained with EWI were similar to the electrical equivalents previously reported in the literature. Moreover, EWI was found to be sensitive enough to detect and map intermediate ischemia. Those that EWI could be used to assess the conduction properties of the myocardium, and detect its ischemic onset and disease progression entirely noninvasively.
I. INTRODUCTION

E
LECTRICAL mapping of the heart has emerged as an important tool for treatment monitoring of arrhythmias such as ventricular tachycardia. Mapping of local timings of electrical activation in the ventricle can identify abnormally conducting regions and guide radio-frequency (RF)-ablation treatments. Currently, available clinical mapping systems are, however, invasive, since they require catheterization for introduction into the heart chamber. Therefore, electrical mapping cannot be performed for early detection of diseases or follow-up of chronic diseases such as heart failure. Electromechanical wave imaging (EWI) [1] - [3] has recently been introduced as a noninvasive, non-contact, ultrasound-based modality, which could map the transmural electrical activation of the heart within various echocardiographic planes. This imaging modality is based on the measurement of small, transient deformations occurring in the myocardium a few milliseconds after (equal to the electromechanical delay), but following similar propagation patterns as, the electrical activation. More specifically, those deformations are the result of the cardiac excitation-contraction coupling: once the action potential reaches the myocytes, the latter undergo depolarization followed by an uptake of calcium, which triggers contraction a few milliseconds later [4] . Therefore, by measuring the onset of this contraction, the activation pattern across the entire myocardium can be mapped.
Over the past two decades, several methods have been developed for measuring deformations using ultrasound-based methods. Two-dimensional speckle-tracking-based motion estimation techniques have been implemented in clinical systems. Different approaches based on B-Mode [5] or radio-frequency (RF) speckle tracking [6] - [9] or phase-tracking techniques [10] have also been proposed in the literature for myocardial contractility assessment. Recently, open architecture ultrasound systems enabled motion estimation at very high effective RF-frame rates [11] of standard echocardiographic views. The full view of the heart is divided into five to seven sectors acquired at very high frame rates and a full-view ciné-loop is then reconstructed via ECG gating. Such high frame rates and the RF phase information increase the estimation quality and thus the reliability of 2-D displacement and strain mapping [8] .
The increase in the frame rate did not only allow for better precision of the RF-based motion estimation, but also achieved a temporal resolution at the same time scale as that of the electrical propagation. More specifically, it allowed the detection of transient phenomena that occur during both isovolumic phases [11] . For example, it has been shown possible to identify the mechanical waves in the myocardial wall occurring when the valves open and close [1] , [2] , [12] . Propagating incremental displacements generated by the early contraction of myocytes, i.e., the electromechanical wave (EMW), has been depicted on EWI ciné-loops and images, and its correlation with the electrical activation velocity [1] , [2] and pacing scheme [3] has been verified. More recently, the EMW was reproduced in simulations and shown to be correlated with simulated and experimental electrical activation patterns [13] .
Alternative methods for assessment of local electrical properties in vivo involve the use of electrode arrays [14] , either by mounting an electrode sock around the heart through open-heart surgery [15] , [16] to map the epicardial activation or using electrode catheters [17] , [18] . Newly developed noninvasive techniques based on surface potentials provided fully 3-D activation sequences [19] . A method based on magnetic resonance (MR) tagging has also been proposed [20] , where the subepicardial contraction sequence was mapped and compared to the electrical activation maps obtained with an epicardial electrode sock.
In this paper, we pursue the development of EWI and the analysis of the EMW properties in dogs in vivo. In previous reports [11] , high frame rates were obtained using ECG gating. However, for the analysis of diseases such as ventricular tachycardia, the ECG may not be regular. For example, when atrio-ventricular dissociation occurs, the atria and ventricles follow different rhythms, which may compromise the use of ECG for co-registration of adjacent sectors. In the first part of this paper, we present the new technique of motion-matching that is based on local incremental displacements used to co-register those sectors. Incremental displacements were previously used to map the EMW [2] , [3] . While this approach provides a higher signal-to-noise ratio, it may be affected by the presence of rigid motion. This paper focuses on the associated incremental strains, which facilitate the interpretation of the EMW by relating it directly to contraction. More precisely, we define the onset of the EMW as the time, at which the incremental strains change sign after the onset of the QRS complex of the ECG, e.g., when the cardiac muscle transitions from thinning to thickening or vice versa. The EMW was imaged during sinus rhythm in five normal canine hearts before and after graded ischemia in vivo. We show the reproducibility of EWI during sinus rhythm and compare the propagation patterns of the EMW to those of the electrical propagation reported in the literature. A preliminary feasibility study on the capability of EWI to detect degrees of ischemia was conducted in a single case. Graded ischemia was obtained by gradually by gradually obstructing the LAD flow to generate an ischemic region of increasing size and severity, in order to test the EWI performance in depicting the ischemic region size as the coronary flow decreases.
II. METHODS
A. Experimental Protocol
In this study, approved by the Institutional Animal Care and Use Committee of Columbia University, five mongrel dogs of either sex, ranging from 23 to 32 kg in weight, were anesthetized with an intravenous injection of thiopental (10-17 mg/kg). They were mechanically ventilated with a rate-and volume-regulated ventilator on a mixture of oxygen and titrated isoflurane (0.5%-5.0%). Morphine (0.15 mg/kg, epidural) was administered before surgery, and lidocaine (50 micrograms/kg/h, intravenous) was used during the entire procedure. To maintain blood volume, 0.9% saline solution was administered intravenously at 5 mL/kg/h. The animals were positioned supine on a heating pad.
Standard limb leads were placed for surface electrocardiogram (ECG) monitoring. A solid state pressure transducer catheter (Millar Instruments, Houston, TX) was inserted into the left-ventricular cavity via the right carotid artery, the aortic root, and across the aortic valve. Oxygen saturation of the blood and peripheral blood pressure were monitored throughout the experiment. The chest was opened by lateral thoracotomy using electrocautery. After removal of the pericardium, a customized constrictor and a flow probe (Transonic Systems, Inc.) were positioned immediately distal to the first diagonal of the left anterior descending (LAD) coronary artery to induce graded LAD flow obstruction and thus variable ischemic levels at 20% decrements of the initial coronary blood flow.
A total of 12 piezoelectric crystals (Sonometrics Corporation, London, ON, Canada) were then implanted in the left ventricular wall. For endocardial and mid-wall crystals, an 18 G needle was used for insertion. All crystals were maintained in position after placement using silk sutures. Echocardiography was performed at each LAD flow obstruction level. Forty-five minutes after complete LAD flow obstruction, the constrictor was released for complete reperfusion and the same scanning procedure was repeated. The heart was then excised and sectioned in 1 cm transverse slices to perform pathology. The sliced heart sections were immersed in a 1% Triphenyltetrazolium chloride (TTC) solution and incubated at 37 for 1.5 h. The sections were finally fixed in a 10% formalin solution for 30 min. A pale region indicated the site of the ischemia/infarction, while the red color represented the viable cardiac muscle.
B. Echocardiography
An Ultrasonix RP system with a 3.3 MHz phased array was used to acquire RF frames from 390 to 520 frames/s (fps) using a customized, automated composite technique [11] . Briefly, to increase the resulting frame rate, the image was divided into partially overlapping sectors corresponding to separate cardiac cycles. A full-view image was then reconstructed by using the motion-matching technique (see Section II-B2). To minimize motion artifacts, the probe was held by a stabilizer (Medtronic Corporation, Minneapolis, MN) and the respirator was interrupted for 6-20 s depending on the acquisition. The cavity was filled with degassed ultrasound gel to ensure acoustic coupling and to avoid contact between the heart and the probe. Two views were considered in this paper, i.e., an oblique parasternal fourchamber view [ Fig. 1(a) ] and a parasternal two-chamber view [ Fig. 1(b) ].
1) Incremental Displacement and Strain Estimation:
Axial (parallel to the ultrasound beam) incremental displacements were estimated offline using an RF-based cross-correlation method (window size: 4.6 mm, 80% overlap). Axial incremental strains were then obtained using a least-squares estimator [21] with a kernel equal to 6.75 mm. In this study, we considered incremental strains, i.e., the local change in length was measured with respect to the previous frame, using the Eulerian description [22] , i.e., the material points were not followed. Since the displacements occurring during the QRS complex were small, the temporal incremental strain curves obtained in Eulerian and Lagrangian descriptions were expected to be similar. We chose to use the Eulerian description to avoid cumulative numerical errors associated with calculations of the incremental strains when using a Lagrangian description. The myocardium was segmented using an automated contour tracking technique [23] , and displacement and strain maps were then overlaid onto the B-mode images. Two views were temporally coregistered using the ECG signals and spatially coregistered by an echocardiography expert and displayed in a 3-D biplane view in Amira 4.1 (Visage Imaging, Chelmsford, MA).
2) Automatic, Composite, High Frame-Rate, Full View Imaging Using Motion Matching:
The motion-matching algorithm is illustrated in Fig. 2 . Five to seven sectors of 12 to 16 RF beams each were acquired consecutively at up to 520 frames per second (fps). Fig. 2(a) shows an example using two of those sectors. Three RF beams (in purple) on both sides of each sector overlapped for a full-view image containing 65 beams. Acquisition of each sector did not start at the same time-point in the heart cycle. Therefore, to reconstruct a full-view ciné-loop, it was necessary to identify, and correct for, the temporal offset between sectors. A conventional approach to solving this problem would be to acquire ECG signals along with each sector. The temporal offset between sectors could then be estimated by the offsets between the R-peaks of the ECG signals corresponding to each sector. As the method is also aimed for detection of conduction abnormalities, it is essential that the technique used here does not depend on the reproducibility of the ECG. For example, during ventricular tachycardia, the ventricles and the atria may follow two distinct rhythms. The ECG will thus encompass both rhythms and the P-and R-waves may coincidentally have the same time occurrence, occasionally generating a fused waveform. An ECG-based method in that case might be difficult to implement, although the mechanics of the ventricles may still be periodic. The alternative proposed here is to use the temporal variation of the incremental displacements measured in the overlapping RF beams. Therefore, the motion-matching approach utilizes the local periodicity of the heart motion, rather than its global conduction properties. This also simplifies the instrumentation by not requiring simultaneous ECG acquisition. More precisely, if we assume the heart undergoes periodic motion, the same information is acquired twice in the overlapping regions. The periodicity of the heart implies that the following equation holds for all sectors , depths , angles , and times (1) where denotes the displacement estimate, denotes one heart cycle duration and is an integer. Each sector is delayed with respect to the preceding by an unknown amount of time. This delay can then be written as , with . For the overlapping RF beams, denoted by a prime, , the following equation holds:
Reconstructing the full-view image is equivalent to estimating for all . This is achieved by finding the time associated with the peak of the cross-correlation function (4) This approach is illustrated in Fig. 2(a) . Equation (3) was implemented numerically and the true peak was approximated using cosine interpolation [24] . One of the main advantages of the motion-matching technique is that the cross-correlation method also provided a correlation coefficient that indicated the quality of the sector matching. A high correlation coefficient will ensure continuity of the reconstructed B-mode, and of the reconstructed displacement and strain maps and cine-loops across the sectors. As the experiment conducted in this study usually comprises two to three heart cycles per sector, it was then possible to select the best combination out of multiple heart cycles. For example, if two heartbeats were acquired per sector over seven sectors, it would be possible to choose among 128 combinations of heart cycles. Fig. 2(b) indicates good matching between the Fig. 2 . Illustration of the motion-matching method. (a) Axial incremental displacement is estimated twice in the overlapping RF-beams: once when sector 1 is acquired, and once when sector 2 is acquired. Assuming the periodicity of the heart motion, cross-correlation between those two independent acquisitions provides the time delay between the two sectors. (b) Incremental axial displacement over time of a sample located in the lateral wall acquired from an overlapping RF-beam. The blue line was acquired with sector 1 and the red line with sector 2. One can observe the similarity between the two curves and the experimental periodicity of the heart's incremental displacements. (c) Cross-correlation coefficients of the incremental axial displacement over time along an overlapping RF-beam. These coefficients are close to 1 in the myocardial tissue, and dramatically drop in the cavity and in the ultrasound gel.
temporal profile of incremental displacements obtained in overlapping RF beams during two different heartbeats in a normal, open-chest, canine heart. Fig. 2(c) displays the temporal correlation coefficient along the same RF beam. A correlation coefficient close to one is obtained at the level of the myocardium, while the correlation was low in the blood cavities (due to blood flow and low scattering) and in the surrounding ultrasound gel (which does not undergo periodic motion). Fig. 3 shows typical temporal incremental strain profiles over time in three locations in the septum where the axial direction matches the cardiac radial coordinate. Before the first deflection of the QRS complex, the cardiac muscle is in a thinning state. A few milliseconds later, i.e., after the electrical activation of the ventricles is initiated, a regional transition from thinning to thickening can be observed as a transition from negative to pos- is defined by the point at which the incremental strains change sign. The EMW is initiated at the endocardial surface of the septum (red) and travels towards the base (black) and the apex (blue). Oscillations (dashed circle) are also observed following the mitral valve closure. These travel from base (black) to apex (blue).
C. Electromechanical Wave Mapping
itive incremental strains. Similar incremental strain profiles are observed in both the two-and four-chamber views. However, in regions such as the apex, where the axial direction closely aligns with the cardiac longitudinal one, a transition from positive to negative incremental strains is observed. In the general case, the axial direction contains the projection of the motion in the cardiac geometry coordinates, and is thus a linear combination of the radial and longitudinal directions. The EMW is therefore defined as the time-point, at which the incremental axial strains change sign or, zero-cross, immediately following the onset of the Q-wave. To visualize the EMW wavefront, the incremental strains were then saturated symmetrically around zero. Consequently, the zero-crossing point appeared as a sharp transition between blue and red maps in the full 2-D views [Figs. 4(b) and 5]. In the case of the views considered in this study, axial strains will contain, in most regions, a large projection of the radial component. Therefore, contraction and, hence, activation, will result mostly in myocardial tissue thickening. Regions where the axial direction does not contain a large projection of the radial component must be interpreted with caution, as the axial incremental strains, in this case, contain information about both the radial and longitudinal strains. Those regions include the apical [ Fig. 4(b) ] and basal regions of the anterior and lateral wall, in the two-and four-chamber view, respectively. To generate an isochronal representation of the EMW, a semi-automated method was developed. Regions of the myocardium were first manually selected. For each of those regions, a time interval containing the zero-crossing point of the incremental strains was manually selected. The time of occurrence of the zero-crossing point was then obtained by minimizing the smoothing spline approximation of the absolute value of the incremental strains within this interval. As a result, the time of arrival of the EMW was identified as it propagated in multiple regions of the myocardium. A full map of arrival times was then generated via Delaunay interpolation. When the waveform was not sufficiently Mechanical activation also appears in the lateral wall and travels mostly towards the base. 40 ms after the onset of the QRS, the right-ventricular wall begins to thicken. 60 ms after the onset of the QRS, the myocardium is still not completely mechanically activated; thinning of portions of the base are still visible (yellow arrows). At 61.54 ms, negative incremental strains are observed in the apical region. This is most likely due to the fact that in this region, the axial direction contains a large projection of the longitudinal strain component.
clear to identify the zero-crossing point in a region because the activation occurred after the onset of the isovolumic contraction phase, or because of noise, this region was displayed in black in the isochronal representation. Fig. 5 . EWI of the normal heart under sinus rhythm using incremental strains in the parasternal two-chamber view. LV, ANT, and POST, respectively, denote left ventricle cavity, anterior wall, and posterior wall. Top row: Approximately 12 ms after the onset of the QRS, excitation of the posterior wall endocardium begins. It then propagates both towards the base and the apex. A few milliseconds later, the anterior wall begins to thicken. Middle row: 45 ms after the onset of the QRS, the myocardium is almost completely mechanically activated; thinning of portions of the base are still visible. Bottom row: After the mitral valve closes, an oscillating wave (yellow circle), different in nature from the EMW, is observed. It emanates from the base and travels towards the apex. Fig. 4(a) shows the propagation of incremental displacement in the four-chamber view: red indicates movement upwards and blue indicates movement downwards. Therefore, in that view, a contracting heart is mapped in blue at the septal and right-ventricular walls and in red at the lateral wall. Fig. 4(a) shows the corresponding displacement patterns propagating from base to apex in the septal and lateral walls, and propagation of downward motion in the right-ventricular wall.
III. RESULTS
A. EWI of the Normal Heart
A least-squares strain estimator [21] was then applied on the incremental displacement data, providing the incremental strain information [ Fig. 4(b) ]. Red indicates regional thickening while blue indicates regional thinning. In regions, where the axial direction coincides mainly with the radial direction, contraction is mapped as thickening of the myocardium. More specifically, two activation sites at the mid-basal level were visible approximately 30 ms after the Q-wave in both the left endocardium of the septum and in the endocardium of the lateral wall. This is a thickening (red) wave that travels towards both the base and the apex. At approximately 40 ms after the onset of the QRS complex, a thickening wave becomes visible in the right-ventricular wall, which travels principally towards the base. Noticeably, 60 ms after the onset of the Q-wave, the basal parts of the three walls are still thinning. Note that in the apical region where the axial direction coincides with the longitudinal direction of the cardiac geometry, the myocardium is depicted undergoing longitudinal shortening rather than radial thickening due to the aforementioned angle dependence. Fig. 5 shows the electromechanical wave in the parasternal two-chamber view. In the posterior wall, it was possible to observe a wave traveling from the mid-basal level to the apex and to the base. Fig. 6 shows the isochrones associated with the EMW propagation in two different dogs. A similar propagation was observed in all five dogs: in the four-chamber view [Figs. 4(b) and 6], the electromechanical wave was initiated at the mid-cavity segment (see [25] for a description of the standardized myocardial segmentation) in the septal and lateral walls, traveling towards the apex and base. In the right-ventricular wall, the EMW appeared on the endocardium near the apex a few milliseconds later, and traveled towards the base. In the two-chamber view (Figs. 5 and 6 ), the wave was initiated in the mid-cavity segment in the posterior wall and closer to the apex in the anterior wall. Fig. 7 shows the EMW propagation at different levels of ischemia. The time, at which the images are displayed, corresponds to the time, at which the activated region covered the largest portion of the myocardium, i.e., immediately after electrical activation and preceding the closing of the mitral valve. When the LAD flow was obstructed by 60% and beyond, the ischemic region was easily identified as the region, through which the EMW cannot propagate. The ischemic region appears to grow with the LAD flow obstruction level until it reaches a maximum size when the LAD flow is completely obstructed [ Fig. 7(f) ]. After reperfusion, the size of the ischemic region in the posterior wall decreases.
B. EWI of the Ischemic Heart
The presence of acute ischemia was confirmed with pathology, after reperfusion [ Fig. 7(i) ]. TTC was used to stain nonviable tissue, which generally spans a smaller region than the ischemic one [26] . Reperfusion accentuates the size of this nonviable region [27] . The transverse slice shown in Fig. 7(i) was obtained approximately at 3 cm from the apex. Fig. 8 shows the heart in a bi-plane view in the normal case and when the LAD flow is obstructed by 60% and 100%. In the ischemic cases, the wave was initiated as in the normal case, but its propagation was impeded at the apical segment. After EMW propagation, a region that did not undergo thickening could be identified, which indicated an inability of the tissue to contract. The location of the ischemic region is consistent with the pathology findings as shown in Fig. 7(i) .
IV. DISCUSSION
Five canine hearts were imaged before and after ischemia at very high frame rates during sinus rhythm in vivo. The very high frame rates were achieved by using a novel motion-matching technique, which may not require a regular cardiac cycle or electrical conduction pattern to reconstruct a full-view ciné-loop. EWI using strains was shown sensitive to the presence of an ischemic region of various sizes. The location of the ischemic zone obtained with EWI was compared with pathology. EWI could thus constitute a completely noninvasive, novel approach to electrical mapping.
A. Normal Heart
In order to compare the EMW and the electrical activation patterns in the sinus rhythm case, we refer to the intramural electrical activation pathways previously described [28] - [30] for mammalian ventricles. According to [28] , the earliest activity in dogs occurs at the region of the terminations of the left bundle on the mid-left septal endocardium at the mid-basal level, a few milliseconds before the QRS deflection. Activity on the right side of the septum occurs slightly later, again at the Purkinje terminals. During the first quarter of the QRS, most of the endocardial layer of the apical and mid-cavity region of the myocardium is depolarized. The activity then propagates from the endocardium to the epicardium, and towards both the apex and base. At the R-peak, only portions of the basal and lateral left ventricle and of the basal septum remain to be activated. Other studies performed later in swine, rats, and humans [30] , identified three points of early activation: 1) an area high on the anterior paraseptal wall immediately below the mitral valve, 2) an area at half the distance from apex to base in the left side of the interventricular septum, and 3) the posterior paraseptal area at approximately one third of the distance from apex to base.
Those observations are in agreement with results obtained with EWI, when considering that a delay of a few milliseconds (20-40 ms in vivo [31] ) exists between the electrical and mechanical activation of the myocardium, namely the electromechanical delay. In the five canine hearts imaged in this study, the EMW was initiated in the mid-cavity segment on the left side of the septum, and from the endocardium of the lateral wall near the base. It was also initiated from the posterior and anterior mid-cavity segments in the two-chamber view. In the right-ventricular wall, the wave was initiated approximately 19 ms later and traveled towards the base. Propagation also occurred transmurally, i.e., from the endocardium to the epicardium. Differences with the literature in the two-chamber view could be explained by the choice of the plane that may not coincide with the regions cited in [30] , along with the fact that those studies were conducted on different species. Moreover, basal wall regions remained inactivated even 60 ms after the onset of the Q-wave. This is also in agreement with previous reports [28] indicating that at the R-peak, basal regions are not electrically activated yet. Considering the electromechanical delay, it is then expected that the basal region will not contract before the onset of the isovolumic contraction phase occurs, in the vicinity of the R-peak, where the mechanical waves induced by the mitral valve closure do not allow a clear identification of the EMW onset. The isochrones obtained in each heart showed similar propagation patterns. Two different cases are shown in Fig. 6 . Although differences exist between the two cases, the origins of the activation were similar, on the lateral, septal, and right-ventricular walls as well as in the anterior and posterior walls. The reproducibility of these observations is an indicator that the normal heart has a specific EMW propagation pattern, and that a modification to this pattern could originate from an electrical abnormality. The EMW propagation is also disrupted (Fig. 4) after the mitral valve closes a few milliseconds after the R-peak, approximately at 45 ms after the onset of the QRS complex. At that time, oscillations become visible in the temporal incremental strain profiles ( Fig. 3 ; yellow circle). Although this phenomenon has already been documented [2] , [12] , [32] - [34] , the techniques developed here for EWI could constitute an interesting tool for its visualization and quantification. This phenomenon may, however, occur prior to the complete mechanical activation of the entire ventricle, thereby also reducing the quality of the correlation between the EMW and the electrical activation pattern. Simulations [13] or appropriate modeling may provide a correction for these sources of error in the future.
B. Ischemic Heart
The presence of ischemia impeded the EMW from propagating. This is expected, since during the first few minutes of ischemia, the myocardium gradually loses its ability to generate systolic force [35] . In other words, even if the electrical activation did occur, the ischemic region would not contract in response to it. Previous studies [36] confirmed that 5 min of experimental ischemia in dogs converted the normal pattern of systolic circumferential and longitudinal shortening and radial thickening to circumferential and longitudinal thickening and radial shortening. Earlier studies [37] found the relationship between regional myocardial shortening and the level of blood flow irrigating that region to be exponential, i.e., the decrease in regional thickening becomes more important as the coronary flow is diminished, and that a 20% LAD flow obstruction level was sufficient to significantly impair cardiac function.
In the present study, an ischemic region could be clearly identified when the LAD flow was obstructed by 60% and beyond and was increasing in size as the level of LAD flow decreased. The biplane view shown in Fig. 8(b) indicates the presence of ischemia in the apical region even when the LAD flow is not completely blocked. By comparing Fig. 8(b) and (c), it is possible to observe the ischemic region growing towards the lateral, posterior, and septal walls with increasing level of LAD flow obstruction. The purpose of that experiment was to show that the EWI was sensitive to changes in the electrical conduction pattern as a result of disease such as coronary artery disease; further studies on a larger animal sample size are needed to show that EWI can be used to diagnose mild or intermediate ischemia. Currently, the echocardiographic stress test may allow detection of early ischemia. However, such tests are limited by low image quality caused by fast heart rates, potential contrast administration requirements, and the limited time available to acquire an image. Moreover, for patients who cannot perform the stress test, drugs such as dobutamine may need to be systemically administered. Therefore, EWI at rest could become a valuable complementary or alternative method to the echocardiographic stress test for early ischemic onset detection.
C. Significance and Limitations
The previous section showed a good agreement between the electrical and EWI patterns in the myocardium. However, the EMW is a close but not necessarily an exact representation of the electrical activation patterns. The electrical activation of a myocyte will generate, milliseconds later, contraction along the myofibers. If we considered this effect alone, the EMW pattern would then be expected to follow and be a delayed version of the electrical activation pattern. However, the heart is subject to additional stresses and strains. The mechanical activation in one location may generate strains in the neighboring tissue and throughout the myocardium. Other phenomena involving the hemodynamics of the heart or the valve function will also modify the expected strain patterns. Consequently, the electromechanical delay, that is, the delay between the electrical activation and the mechanical activation, is not expected to be uniform throughout the myocardium in the normal case and changes with the electrical activation sequence [38] . The transmural variation of the electromechanical delay in vitro [39] and in vivo [31] has also been documented and showed a spatial variation of the electromechanical delay across the ventricle. The electromechanical delay might also vary with the definition of the mechanical activation used. For example, a definition of the mechanical activation similar to the definition of the EMW but using circumferential strains obtained using MR-based methods was reported in [20] , [40] , and showed good agreement between the mechanical and electrical activation sequences when pacing from the right-ventricular wall, hence corroborating the results presented here. Several studies using implanted markers, e.g., sonomicrometry [41] or biplane cineradiography [42] , have described the sequence of circumferential and longitudinal mechanical activation during sinus rhythm [43] - [45] and related it to the electrical activation [41] . Those studies, however, tended to show that the mechanical activation on the epicardium and endocardium follows an apex-to-base propagation pattern in the lateral wall. The complex EMW propagation patterns obtained with EWI emphasiz that a high spatial and temporal resolution are needed to obtain an accurate depiction of the mechanics of the heart during the QRS complex of the sinus rhythm. EWI allowed, for the first time, to our knowledge, the observation of the cardiac excitation-contraction coupling in full echocardiographic views in vivo with high spatial and temporal resolution using a noninvasive, non-contact methodology. For example, we have been able to isolate temporally and spatially the strains resulting from the electrical activation from the strains generated after the mitral valve closure.
A limitation of the current implementation of EWI, however, is that in the regions where the ultrasound beam is not clearly aligned with the cardiac radial coordinates, the interpretation of the incremental strains becomes more complex, because, in such cases, the assumption that axial direction matches, or has the largest projection component in, the radial direction may not entirely hold. The general case is that the axial direction will be a linear combination of the radial and circumferential or longitudinal directions. Longitudinal shortening and radial thickening onsets may not occur simultaneously in general [41] , hence the position of the probe might have an influence on the activation times and patterns obtained in specific regions of the heart such as the apical region of the lateral wall. A solution to the angle-dependence of the method would be to estimate the displacements and strains in 2-D. Such estimations can be more sensitive to noise and, despite being beyond the scope of this paper, constitute the object of ongoing studies [8] , [46] . On the other hand, even if the regions where the angle dependence might be important, the EMW propagation pattern in a specific echocardiographic view could constitute a diagnostic tool in itself, as it maps directly the excitation-contraction coupling throughout the myocardium. Despite the relatively small sample size, the fact that the EMW consistently shows similar patterns of propagation in the heart suggests that it could constitute a useful tool for the noninvasive assessment of the cardiac function, e.g., it could be used to measure the synchrony of ventricular contraction or the ability of the myocardial tissue to undergo mechanical activation, i.e., its viability.
V. CONCLUSION
This paper introduced new methods, parameters, and applications for electromechanical wave imaging (EWI). The motionmatching technique allowed the reconstruction of a full-view ciné-loop without the use of ECG. By imaging the incremental strains associated with the EMW, we defined the onset of the EMW and generated isochronal maps along multiple echocardiographic planes. Those maps were in good agreement with electrical activation maps previously reported in the literature. Finally, EWI was found to be sensitive to intermediate ischemia, detecting regions at 60% coronary flow obstruction and beyond. Those results indicate that EWI could be used in the future to assess electrical conduction properties of the myocardium, and detect ischemic onset and disease progression entirely noninvasively.
